Abstract : Enzymatic ring-opening polymerization of a 17-membered lactone,16-hexadecanolide (HDL), was performed in bulk by using lipases of different origin as catalyst. Pseudomonas fluorescens lipase exhibited high catalytic activity toward the polymerization, producing the corresponding polymer in high yields. A higher polymerization temperature (75°C) resulted in the formation of the polymer with molecular weight of more than 5 x 103. HDL monomer was recovered unchanged in the polymerization without the enzyme. Michaelis-Menten kinetics of lactones in five different ring size showed that HDL had the largest enzymatic polymerizability among the lactones examined.
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Introduction. Recently, polyester synthesis by various monomer combinations through lipase catalysis has been extensively investigated. 1)-4) In case of the enzymatic polycondensations, activated diesters having 2,2,2-trifluoroethyl, 2, 2, 2-trichloroethyl, or vinyl leaving group have been often used as monomer to produce polyesters with high molecular weight under mild conditions. Furthermore, an optical active polyester was enantioselectively synthesized by lipase-catalyzed polycondensation of a racemic epoxide-containing activated diester with a diol monomer. 5)
Lipase also induced ring-opening polymerization and copolymerization of lactone s, 6)-18) lactide,14),19) and sixmembered cyclic carbonate .20)-22) Until now, small-size (4-membered)6)-10) and medium-size lactonesll)-14) (6-and 7-membered) as well as macrolides (12-, 13-, and 16-membered)15>-i8> were subjected to the lipase-catalyzed polymerization. Normally, macrolides show much lower reactivity and polymerizability in an anionic process than rcaprolactone (e -CL) due to their lower ring strain.4) However, they were enzymatically polymerized much faster than r -CL. 15)-17) This is probably due to a favored transition state of the macrolide to open the ring with lipase catalysis. 23)
In this study, a 17-membered lactone, 16-hexadecanolide (HDL), was used as a new monomer of lipase- The lipase-catalyzed ring-opening polymerization of HDL was carried out in bulk at 60°C for 5 days. In this study, commercially available five lipases were used as catalyst: lipases derived from Candida antarctica (lipase CA), Candida cylindracea (lipase CC), Pseudomonas cepacia (lipase PC), Pseudomonas f luorescens (lipase PF), and porcine pancreas (PPL). We reported that these enzymes could induce the ringopening polymerization of lactones in various ring-sizes. Lipase CA is an immobilized enzyme on polymer beads and others are powdery enzymes. Polymerization results are summarized in Table I. Among the enzymes examined, lipase PF showed the highest catalytic activity for the polymerization of HDL; the monomer was quantitatively consumed (entry 7). In case of lipase PC, the monomer conversion was relatively high (entry 4), whereas lipases CA, CC, and PPL had less catalytic activity (entries 1, 2, and 9). The molecular weight was determined by size exclusion chromatography (SEC). The molecular weight of the polymer obtained at 60°C was ca. 2000. HDL monomer was recovered unreactedly in the polymerization without the enzyme (control experiment) (entry 10). These data indicate that the present polymerization proceeded via enzyme catalysis and the enzyme origin affected the polymerization behavior. The polymer structure was confirmed by iH NMR spectroscopy.
Effect of the polymerization temperature was ex-amined by using lipases PC and PF (entries 3-8). In using lipase PC catalyst, the monomer conversion at 45°C was much lower than that at 60 or 75°C (entries 3-5). Lipase PF showed the high catalytic activity in the range from 45°C to 75°C (entries 6-8). The molecular weight increased as a function of the temperature. The highest molecular weight (5800) was achieved by the polymerization catalyzed by lipase PC at 75°C (entry 5). The polymerization mechanism is first proposed as follows.15) At first, the lactone is recognized and subjected to the ring-opening in the active center of lipase (serine residue) to give the acyl-enzyme intermediate. In the initiation step, water attacks nucleophilically to the intermediate, leading to the formation of the oxyacid, the shortest propagating species. The propagation step is the reaction of the intermediate with the terminal hydroxyl group of the polymer to produce the one-unit more elongated polymer chain.
Our previous studies show that 12-, 13-, and 16-membered macrolides having much lower anionic polymerizability than r -CL exhibited unusually high reactivity through lipase catalysis; 15)-17) the lipase-catalyzed polymerization of the macrolides proceeded much faster than that of E -CL, which is the reversed tendency of chemical reactions such as an alkaline hydrolysis and anionic ringopening polymerizations.4) Very recently, we carried out Michaelis-Menten kinetics of the polymerization of 7-and (lactone) increased with increasing the ring size. These data imply that the enzymatic polymerizability increased as a function of the ring size, and the large polymerizability of macrolides through lipase catalysis is mainly due to the large reaction rate (Vmax), but not to the binding abilities, i. e. , the reaction process of the lipase-lactone complex to the aryl-enzyme intermediate is the key step of the polymerization.
In conclusion, a 17-membered lactone was polymerized through lipase catalysis to produce the corresponding polyester. Lipases of various origins induced the polymerization, and among them lipase PF showed the highest catalytic activity toward the present polymerization. Michaelis-Menten kinetics showed that HDL had the largest enzymatic polymerizability, and difference of the polymerizability of lactones is mainly due to the conversion of the lipase-lactone complex to the acyl-enzyme intermediate.
Materials and methods. Materials. HDL (mp. = 33-34°C) and other lactones are commercially available reagents and stored over freshly activated type 4 molecular sieves. Lipase CA was a gift from Novo Nordisk Bioindustry, Ltd. Lipases PC and PF were donated by Amano Pharmaceutical Co. Lipase CC was purchased from Biocatalysts, Ltd. Lipases were used without further purification.
Enzymatic Polymerization. A typical run was as follows (entry 7 in Table I ). 0.25 g (1.0 mmol) of HDL and 0.050 g of lipase PF were placed in a dried tube and sealed. The tube was kept on standing at 60°C for 120 h. The reaction mixture was extracted with chloroform and part of the organic solution was separated by filtration. The filtrate was analyzed by SEC for the determination of the monomer conversion and of the polymer molecular weight. The monomer conversion was calculated from the ratio of the peak areas between HDL and the polymer. The polymer was isolated by the reprecipitation procedure (chloroform as good solvent; methanol as poor solvent).
Measurements. SEC analysis was carried out using a Tosoh SC8010 apparatus with a refractive index (RI) detector under the following conditions: TSKgel G3000HHR column and chloroform eluent at a flow rate of 1.0 mL/min. The calibration curves for SEC analysis were obtained using polystyrene standards. iH NMR spectra were recorded on a 270 MHz JEOL EX270 spectrometer. GC analysis was carried out using a Shimadzu GC-14B apparatus equipped with an FID detector and a TC-5 column (GL Sciences).
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